Tumor cell transplantation is an important technique to define the mechanisms controlling cancer cell growth, migration, and host response, as well as to assess potential patient response to therapy. Current methods largely depend on using syngeneic or immune-compromised animals to avoid rejection of the tumor graft. Such methods require the use of specific genetic strains that often prevent the analysis of immune-tumor cell interactions and/or are limited to specific genetic backgrounds. An alternative method in zebrafish takes advantage of an incompletely developed immune system in the embryonic brain before 3 days, where tumor cells are transplanted for use in short-term assays (i.e., 3 to 10 days). However, these methods cause host lethality, which prevents the long-term study of tumor cell behavior and drug response. This protocol describes a simple and efficient method for the long-term orthotopic transplantation of zebrafish brain tumor tissue into the fourth ventricle of a 2-day-old immune-competent zebrafish. This method allows: 1) long-term study of tumor cell behaviors, such as invasion and dissemination; 2) durable tumor response to drugs; and 3) re-transplantation of tumors for the study of tumor evolution and/or the impact of different host genetic backgrounds. In summary, this technique allows cancer researchers to assess engraftment, invasion, and growth at distant sites, as well as to perform chemical screens and cell competition assays over many months. This protocol can be extended to studies of other tumor types and can be used to elucidate mechanisms of chemoresistance and metastasis.
Introduction
The transplantation of tumor cells into immune-compromised animals, particularly mouse xenografts, is a widely-used technique used to study mechanisms controlling cancer cell proliferation 1, 2 , survival, invasion, and metastasis 3, 4 , as well as to provide a platform for screening drugs 5, 6, 7 . More recently, the transplantation of primary tumor samples into immune-compromised mice has been used to generate patientderived xenograft (PDX) models for diagnostic and preclinical drug screening purposes and is the backbone of the personalized medicine initiative 8, 9, 10, 11 . However, significant evidence shows that modulating the immune system can have a dramatic impact on tumor behavior and patient outcome 12, 13 . This has driven the redesign of xenograft-based techniques to include "humanized" mice, in which the immune system of the mouse is reconstituted by co-transplanting human immune cells with tumor cells. However, this approach is still technically challenging, with variable reproducibility and toxicities associated with the technique, in addition to the significant cost 14, 15 . Thus, new transplantation techniques in immune-competent animals are needed to accelerate the discovery of immune-and tumor-specific mechanisms of cancer progression and drug response.
Zebrafish are an alternative animal model for the study of human cancer, with over 20 cancer models now established 16 , including highly malignant brain 17 , melanoma 18, 19, 20 , and pancreatic cancers 21, 22 , as well as many leukemias 23, 24, 25, 26, 27 . Two attributes of the zebrafish system make it particularly amenable for cancer research: 1) the optical clarity of translucent animals allows for the direct visualization of cancer cell behaviors (i.e., proliferation, survival, invasion, and dissemination) using simple microscopy techniques and 2) female zebrafish can produce up to 200 embryos per day, allowing for the rapid scaling of animal numbers for genetic or drug screening at a low cost. In addition, the cancer genomes of zebrafish and humans are highly conserved (including oncogenes and tumor-suppressor genes)
. The treatment of adult zebrafish with dexamethasone suppresses B-and T-cells for up to 30 days before rejection occurs 31 . Another less common strategy employs clonal zebrafish strains that enable long-term investigations in an immune-competent host 32 . However, only a limited number of clonal strains have been generated and are difficult to maintain due to low fecundity. In addition, most of the established zebrafish tumor models are generated in other genetic backgrounds, so these tumors cannot be transplanted into the clonal strains without suppressing the immune system 11, 33, 34 . More recent approaches to improve long-term transplantation studies include the development of the rag2 E450fs mutant line, with compromised B-and T-cell functions, which has been used to successfully transplant multiple cancers 35, 36 . To circumvent the requirement for clonal zebrafish lines or an immunecompromised host, a number of groups have used early-stage embryos (i.e., >72 h post-fertilization (hpf)) for human tumor cell transplantation, as these embryos have not yet fully developed an adaptive immune system 37, 38, 39, 40, 41, 42, 43 . However, these methods are limited to the short-term analysis of tumor cell behavior or drug response (usually less than 2 weeks) because the human cancer cells or the transplantation technique itself kills the host, preventing long-term studies and re-transplantation.
This protocol details a modified embryonic transplantation method into the lumen of the fourth ventricle of a 2-day-post-fertilization (dpf) embryo brain. It minimizes toxicity to the host and can be combined with zebrafish brain tumor models for the long-term engraftment of tumor cells. Thus, this technique allows for the re-transplantation of tumor cells into new hosts over many generations, facilitating future studies on tumor heterogeneity, host/immune responses, drug responses, or metastatic potential. This method is also simple, efficient, and scalable, as up to 300 transplantations can be performed by a single user per day, with up to 90% engraftment. This allows for the rapid propagation of single primary tumors into hundreds of embryos at 2 dpf for genetic or drug screening projects or to directly visualize brain tumor cell behavior in different host backgrounds over many months.
Protocol
All animal procedures were approved and followed the animal care guidelines of the University of Utah Institutional Animal Care and Use Committee (IACUC#16-03019). 2. Preparing injection needles. 1. Make the needles by pulling 10 cm capillaries with an outer dimension of 1.2 mm and an inner dimension of 0.9 mm (without a filament) into two needles on a needle puller. NOTE: Each needle should measure 6 cm in total length, where approximately 1.5 cm of the end is tapered. 2. Carefully place the needle on a microscope slide wrapped in plastic paraffin film. Use a razor blade to cut the end of the needle at a 45°a ngle to create a needle with an opening at the tip. NOTE: Typically, 0.1 mm to 0.3 mm of the end of the needle is removed. A beveled tip is not required to perform the injections.
Preparing the Equipment for the Microinjection
3. Prepare the microinjection setup. 1. Arrange a standard microinjection setup, including a stereomicroscope, a manipulator, and a microinjector for the transplantation.
Preparing Embryos for Transplantation
1. Collect up to 500 mitfa w2 embryos 44 (or embryos of any other zebrafish genotypes as defined by the user) as described 45 and maintain in a 28 °C incubator. 2. Dechorionate the embryos at 24 hpf by adding 100 µL of 10 mg/mL protease cocktail solution diluted in egg water and gently rock for approximately 20 min. Rinse the embryos 3 times with fresh egg water to remove the residual protease. 3. Screen the embryos at 48 hpf for the appropriate developmental stage, as defined by standard staging series criteria 45 . Note: Only correctly staged and morphologically normal embryos should be used for the transplantation. 4 . Anesthetize approximately twenty 48-hpf embryos in egg water containing 0.002% Tricaine-S in a petri dish. Confirm proper anesthesia by observing the cessation of movement.
Making a Tumor Cell Suspension
NOTE: Zebrafish brain tumor models can be generated by genetically engineering combinations of oncogenes and tumor suppressor genes 17, 46, 47 . Here, the sox10 promoter-driven NRAS WT , p53 zdf1/zdf1 CNS-PNET zebrafish model was used, as recently described 17 .
1. Euthanize a brain tumor-bearing fish whose tumor burden is approximately 20% of the total body size using a 0.4% Tricaine-S overdose followed by immersion in ice water according to IACUC-approved protocols.
Copyright 2. Dissect the fluorescently labeled tumor with a razor blade and tweezers under a fluorescence microscope using sterile technique and place it in 5 mL of 1x phosphate-buffered saline (PBS). NOTE: Exact dissection methods will be user-defined and dependent on tumor type and tissue location. See the listed references for detailed procedures for the dissection of different zebrafish organs and brain tumors 17, 48 . 3. Manually disrupt the tumor mass using a p1000 pipette until a uniform, cloudy solution develops. Remove large particulates with a pipette tip or using a 40 µm cell strainer (this is tumor-dependent). Centrifuge the suspension at room temperature for 5 min at 290 x g and remove the supernatant. Note: Fluorescence-activated cell sorting (FACS) is not performed to isolate tumor cells. This allows for the transplantation of a heterogeneous population of stromal, immune, and tumor cells. 4. Resuspend the tumor cell pellet in 100 µL of sterile PBS and transfer it to a 1.5 mL microcentrifuge tube. Take 5 µL of the cell suspension and dilute it in 250 µL of PBS. Count the number of cells using a hemocytometer. Centrifuge the suspension for 3 min at 290 x g, remove the supernatant, and resuspend the pellet in sterile PBS to obtain the desired cell concentration. NOTE: Typically, cells resuspended in 30-40 µL of sterile PBS yield a solution that is viscous and opaque (cell concentration ≥100 cells/nL) and tend to generate the most successful transplants. Cell viability is not assessed. 5. Store the tumor suspension on a 28 °C heat block during the transplantation procedure.
Injecting the Tumor Suspension into the Fourth Ventricle of a 2-dpf Embryo
1. Transfer 10-20 anesthetized embryos (from step 2.4) to the periphery of the injection plate using a transfer pipette; the embryos should fall laterally onto the injection plate, with the ventricles clearly visible and accessible. Use an angled probe to adjust the embryos as needed and position them away from the outer edge of the injection plate. 2. Load 1-2 µL of the tumor cell suspension into the injection needle using gel loading pipette tips and insert the needle into the manipulator. 4. Gently rinse the injected embryos off the injection plate and into a petri dish using fresh egg water. Maintain the embryos in egg water for the remaining procedures or until they are grown in tanks (as described in step 4.9.1). 5. Inspect the injected embryos under a fluorescence stereomicroscope. Confirm that the injection pressure, angle, needle size, and cell suspension viscosity result in tumor cells filling 25-50% of the ventricle space. Adjust these parameters as necessary. 6. Repeat steps 4.1-4.5 for any remaining embryos. Anesthetize the additional embryos as needed (described in step 2.4).
NOTE: An experienced user can inject up to 300 embryos over 3-4 h. 7. Place the embryos back in the 28 °C incubator overnight. 8. The next day, assess embryo survival by examining morphological and physiological features, such as normal heart and brain development, as described 45 . 9. For screening, anesthetize the embryos, as described in step 2.4, at 1 day post-transplant (dpt).
1. Use a transfer pipette to add 4% methylcellulose onto the middle of a petri dish and add the embryos to the methylcellulose drop. Orient the embryos (ventral side facing the light source) using an angled probe and screen for a consistent engraftment size using a fluorescence microscope. Remove any embryos with tumor cells not confined to the ventricle or those that contain tumor cells emcompassing less than 25% of the ventricle space. Note: Consistent engraftment is defined as embryos with a single tumor mass that encompasses 25-50% of the ventricle space 17 . For screening purposes, use a fluorescence stereomicroscope with a 1X objective, a 0.15 numerical aperture, a magnification ranging from 0.7-1.6X, and an exposure time of 50 ms to 1 s. For all images, utilize the bright-field channel in addition to either the GFP or RFP channel. 2. For maintenance of tumors, place the transplanted embryos in tanks to grow 45 at 8 dpf (6 dpt).
Imaging Transplanted Embryos for Cellular Behaviors
1. Anesthetize the embryos at 3-8 dpf (1-6 dpt) and mount (dorsal side facing the coverslip) in 1.2% low-melt agarose. Perform time-lapse imaging of the mounted embryos using a laser-scanning confocal microscope for the desired length of time to visualize cellular behaviors, such as migration, cell division, or cell-cell interactions, as needed 38, 43, 53 . NOTE: Use an aspect ratio of 1,024 x 1,024, a scan speed of 8 µs/pixel. Employ scan averaging and define the z-depth dimensions to ensure the capture of the entire tumor mass (1,000-1,500 µm). Additionally, perform 4-h time-lapse experiments, acquiring an image every 10-15 min using a 40x objective, to monitor invasive behaviors. The detector sensitivity will vary depending upon the intensity of the tumor mass, and the laser power will be microscope-dependent, but it is generally recommended to be between 15 and 40%. 2. Once the imaging is complete, free the mounted embryo from the agarose using an angled probe and transfer it to a petri dish with fresh egg water.
Drug Administration to Transplanted Embryos and the Assessment of Tumor Burden 17
1. Anesthetize embryos at 3 dpf and orient them in 4% methylcellulose, with the ventral side facing the light source. Image the pre-treatment embryos using a fluorescence microscope . 4. Separate the embryos as appropriate per treatment and place them in tanks to grow. After 4-9 weeks, anesthetize the fish and assess them for overall tumor burden using a standard fluorescence stereomicroscope, as described 17 .
Representative Results

Tumor transplantation and engraftment
A schematized outline of the procedure is represented in Figure 1 . Fluorescently labeled tumor cells are extracted from the primary organ site, and a single-cell suspension is generated for transplantation into the fourth ventricle of 2-dpf mitfa w2 zebrafish embryos 44 . Figure 2 shows the representative results for this method using a zebrafish model of central nervous system primitive neural ectodermal tumor (CNS-PNET), in which the sox10 promoter drives expression of wildtype NRAS or activated NRAS fused to mCherry in p53-deficient oligoneural precursor cells 17 . The mitfa w2 zebrafish 44 mutant, which lacks melanophores, were used to more readily visualize the tumor cells after transplantation and/or into adulthood. Other pigment mutants could also be used to provide additional imaging clarity, such as Casper 50 . As early as 24 h posttransplantation, tumor cells can be seen invading into surrounding brain tissue (Figure 2A, 3 dpf, arrows) . Tumor grafts continue to grow in the ventricle and surrounding brain tissue over the next week (Figure 2A, 8 dpf) . At this time, fluorescence can also be observed in the region of the kidneys (Figure 2A, asterisks) . This may be due to the kidneys filtering the cellular debris from the transplantation, which is consistent with prior studies that use fluorescent dyes as an assay to evaluate kidney function 51 . Tumor cells continue to proliferate and invade, so by 28 dpf, a tumor mass can be seen throughout the zebrafish brain (Figure 2A, 28 
dpf).
This technique allows for the rapid transplantation of tumor cells into hundreds of embryos with reproducible consistency, as the injection site can be targeted accurately with minimal damage to the host. A representative group of embryos transplanted with mCherry-labeled brain tumor cells is shown in the top panel of Figure 2B . Tumor engraftment is typically achieved in 80-90% of embryos, and tumor transplants persist into adulthood; three representative examples are shown in the bottom panels of Figure 2B . This allows for the tumor transplants to be harvested and frozen or re-transplanted over several generations. Figure 3A shows a co-transplantation scheme in which two different tumors labeled with either GFP (Tumor A) or mCherry (Tumor B) are harvested by whole-tumor dissociation (note that FACS is not used here, but FACS-sorted tumor cells could be used if needed). Tumor A and B can be from different locations, induced with different oncogenes, or induced in different genetic backgrounds. Each tumor is processed into a single-cell suspension, and tumor cells are then mixed together at a 1:1 ratio and transplanted into the 2-dpf embryo. Tumor properties, such as engraftment, growth, invasion, and dissemination of Tumor A versus Tumor B can then be observed in the same host that allows internal controls for the technique and genetic background.
Tumor invasion and drug responses
In Figure 3B , an NRAS-driven, mCherry-labeled zebrafish CNS-PNET from the optic tectum and an GFP-labeled CNS-PNET from the cerebellum were harvested and processed into single-cell suspensions. Cells were counted, and an equal number of cells from each tumor were mixed together and transplanted into 2-dpf embryos. Four days after transplantation, the embryos were imaged with confocal microscopy. Shown is a representative embryo demonstrating that the tectum tumor cells (red) migrate more extensively into the host brain (arrows) than the cerebellar tumor.
Embryos transplanted with fluorescently labeled tumor cells can be used in drug treatment regimens to identify compounds that inhibit tumor growth. Figure 3C is a typical timeline for treating and imaging tumor transplants. 24 h post-transplantation, embryos are accessed for consistent engraftment size and split into treatment groups. In the provided example, embryos transplanted with NRAS-driven, mCherry-labeled zebrafish CNS-PNETs are treated with 50 µM dimethyl sulfoxide (DMSO) or MEK inhibitor (AZD6244). Embryos are treated for 5 days and imaged at 8 dpf, as outlined in Figure 3C . Figure 3D (left panels) shows representative animals from the two treatment groups. MEK inhibitor-treated embryos have a significantly lower amount of fluorescence than those treated with DMSO, as described 17 . After the animals are imaged, they are transferred to tanks without drugs and monitored for tumor growth for two months. In the provided example, the MEK inhibitor treatment results in a durable response in the adult fish ( Figure 3D , right panels). For further details on the drug treatment, imaging, and quantification, see reference
In our experience, the most common reasons for sparse cells/inconsistent cell masses in the ventricle are as follows: 1) the tumor cell suspension is too dilute; 2) the needle bore size is too small; 3) the injection time and pressure are too low; and/or 4) remaining tissue were not filtered from the tumor and are lodged in the needle. When the tumor cell suspension flows out of the ventricle after injection, it is likely due to: 1) the placement of the needle against the floor of the ventricle; 2) a high injection pressure and time; and/or 3) a needle bore size that is too large. Low survival of transplanted embryos may be caused by: 1) anesthetizing embryos for an extended period of time; 2) leaving embryos on the injection plate to dry; 3) the injection of air bubbles into the ventricle; and/or 4) piercing vital organs, such as the brain and heart, because the needle went through the ventricle.
Previous methods of tumor transplantation in the adult or embryonic zebrafish brain rely upon immunosuppression in adults (genetically, pharmacologically, or via radiation) or are limited to short-term studies of human or mouse cells in embryos 38, 43, 52, 53, 54 . For example, mouse brain tumors can be injected intranasally into dexamethasone-immunosuppressed, 30-dpf, juvenile zebrafish for use in short term (~ 2 days) pre-clinical drug assays 54 . However, the site of injection in these experiments is obscured by the skull and brain tissue and likely results in damage to normal brain tissue, which reduces host viability and engraftment efficiency. Another recently described method involves the injection of human glioblastoma cell lines into the midbrain region of zebrafish embryos, which enabled the short-term analysis of growth, invasion, and drug response 43 . Again, the precise location of the injection site is variable and likely damages normal tissue. Thus, previous methods of embryonic brain transplantations often compromise the viability of the hosts, limiting these studies to short-term analysis (i.e., 2 to 14 days), causing increased variability between individual injections due to obscured injection sites, and preventing the long-term analysis of cell behaviors and drug responses or of re-transplantation across multiple generations.
The method described here addresses current limitations in zebrafish embryonic and immune-compromised transplantation techniques by allowing researchers to: 1) reproducibly inject into the same location, with minimal damage to surrounding tissue; 2) directly visualize the site of injection to maximize engraftment efficiency; 3) transplant hundreds of embryos per day; 4) allow tumors to grow in immune-competent animals; 5) allow for the monitoring of tumor cell behavior and durable drug responses over the life of the zebrafish; and 6) allow for the re-transplantation of tumors over many generations for potential studies on tumor evolution or drug relapse mechanisms. Furthermore, this protocol enables researchers to utilize any zebrafish genotype for the assessment of host response, including different immune populations. These attributes make this method easily adaptable by any lab that already performs standard microinjections in zebrafish. Finally, while this method is ideal for orthotopic injections of zebrafish brain tumors, when transplanting other tumor types, such as liver or pancreatic, the orthotopic site may be more important than immune competence (e.g., if a researcher is studying the effects of the stromal microenvironment on tumor growth). In this scenario, the newly developed, immune-deficient zebrafish models may be more appropriate for performing orthotopic tumor transplantations 11 . This protocol has been used to perform tumor cell competition assays and to inject dual-labeled tumors. A potential treatment strategy for the assessment of the effectiveness of chemical compounds on tumorigenesis, which involves the treatment of embryos post-transplant via the addition of the drug to water, was also discussed. A method for the ex vivo treatment of tumor cells prior to transplantation was also previously reported 17 . Additionally, transplanted tumors have been pooled for multiple rounds of re-transplantation, which will be beneficial to studies of tumor evolution and chemoresistance 17 . Currently, pre-clinical studies are dependent on mouse xenografts to assess the efficacy of potential compounds. However, these studies are time-consuming and costly. Considering the high degree of conservation of oncogenic signaling pathways between zebrafish and humans 28 , it is to be expected that this method will complement conventional mouse and human cell studies to allow for the more rapid identification of effective compounds entering pre-clinical and clinical trials. Ultimately, this method could prove to be useful for the rapid chemical screening of primary patient tumors, which could further propel the personalized medicine initiative. However, conditions for the long-term growth of human cells in zebrafish (adult or embryo) still need to be identified.
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